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P-:\EFACE 

This paper presents the results of a study of ~onstant 

.\.bsolute Vorticity 'Tirajectories applied to isentropic surfaces . 

The objectives of this study \vere : first, to shmv that Constant 

.. \bsolute Vorticity Trajectories are theoretically better applied 

to forecasting future positions of parcels on isentropic surfaces 

than on constant pressure surfaces as they are now applied ; sec­

ondly, to shmv qnantitatively the actual improver.:ent of the tra­

jectories on isentropic surfaces by cor.1paring statistically 

results of actual forecasts from both types of charts ; thirdly, 

to suggest how the inproved technique can aid forecasting, par­

ticularily upper air prognosis . 

This w·ork was undertaken as the thesis requirement for the 

degree of Yaster of Science in Aerology at the U. S . I:aval Post­

graduate School, ::-.:onterey, California, during the academic 

year 1952-1953 . 

The author is iJ1debted to Associate Professor George J . 

~Ialtiner of the Aerology Depart1.1ent for his very valuable assis­

tance and constructive criticism dtu·ing the investigation . l:Ie 

also lvishes to acknmvledge the assistance of Professor A . Boyd 

Helvborn of the ~-ather.1atics Department and the author's lvife, 

Pauline, lvho contributed so nuch help 'vith the laborious task 

of decoding, cor:!puting, and entering isentropic charts . 

(ii) 



CEHTH~ICATE OF APPROVAL 

PREFACE 

TABLE OF COKTf~~TS 

LIST OF' ILLUSTH.ATI01S 

TABLE OF SY1·illOLS AI·m ABBRI.:VIATim1S 

CHAPTER 

I . INTRODUCTION 

II . THEORETICAL INVESTIGATIOI\ 

III . TECHNIQUE OF INVESTIGATION 

IV . RESULTS 

BIBLIOGa.APIIY 

(iii} 

Page 

i 

ii 

iii 

iv 

v 

l 

4 

7 

13 

25 



Figure 1 . 

Figure 2. 

Figure 3. 

Figure 4 . 

LIST OF ILLUSTRATIO~S 

Distribution of twenty-four hour ,.,ind 
direction error from (a) isentropic 
charts and (b) fron~ 500 millibar charts 
Error: tens of degrees 

Distribution of forty-eight hour \vi.nd 
direction error from (a) isentropic 
charts and (b) from 500 millibar charts 
Error: tens of degrees 

Distribution of twenty-four hour wind 
speed error from (a) isentropic charts 
and (b) from 500 millibar charts 
Error: knots 

Distribution of forty-eight hour wind 
speed error from (a) isentropic charts 
and (b) from 500 millibar charts 
Error: knots 

(iv) 

Page 

21 

22 

23 

24 



) 
.... • . .ca. 

~A r Constant vertical co poncl t of al'solute vorticity 

e ..... ase of natural lo-. ari tlu .s 

f _._''1e coriolis parareter 

f Acceleratior of gravity 

K 'e perature jJ tl e cl vin (a ,solute) scalE' 

N lirectioli or al to c. strea.~i'te 011 an isc!'tropic ap 

p rressure 

R5 ,ad.ius of curvatl re of a streru linE' 011 aL isertroiJic ap 

sl. rhe variance of a sar plc of data 

I.\. Uest to east 1 orizontal cor ponert of ,.,.ind velocity 

V South to rorth horizontal co .. ponent of \vircl velocity 

V .Vind speed 

V \lind vcloci ty 

w- Vertical co porent of vind velocity 

'J 1lcrtical cor por>ent of relative vorticity 

f 1ensity 

v 'ector del orerator 

v) 



The meteorologist is often called upon to forecast for periods 

in excess of t\venty-four hours for ,.,hich sir.ple extrapolation is 

generally insufficient. One nethod of forecasting entails prepa­

ration of prognostic surface charts and preparation of forecasts 

from these charts. As Iaost meteorlogists know, making accurate 

prognostic surface charts is easier said than done. One of the 

important tools used in estimating the position and intensity of 

surface systens is a prognostic 500 r.lillibar chart. At present, 

much attention is being paid to the proble1·a of upper air prognosis, 

and considerable inforr•1ation has been published concerning fore­

casting the 500 r.lillibar surface, the r.1ost recent being Forecasting 

in the l'Iiddle Latitudes by Riehl and collaborators. It is hoped 

that this paper uay shed some light on a facet of this problen and 

nay contribute to better prognosis ru1d forecasting. 

One aid to prognosis of upper air charts is the constrnction 

of forecast air parcel trajectories based on the principle of con­

servatisu of the vertical component of absolute vorticity,(f +f) , 

lvhere :J is the vertical cor!ponent of relative vorticity and f 
is the vertical component of the coriolis force lmmvn as the 

coriolis parameter. .{ossby [ 8 J initiated the vorticity concept 

by shelving that under certain restrictive assunptions, the follo\v­

ing relationship holds: 

(1+f) co, stan t. 

(1) 



The assumptions referred to above are as follmvs: 

a . The ati':losphere is barotropic . 

b . The atr.1osphere is a homogeneous, incor1pressible fluid. 

c . }~otion is purely horizontal. 

d. Friction forces are neglected . 

e . There is no horizontal divergence . 

-qossby [9, pp 268-289] then integrated his fundanental equation 

and was able to obtain trajectories for particles which conserve 

their vertical coiaponent of absolute vorticity . This trajectory 

is lmoYm as the Constant Vertical Component of Absolute Vorticity 

Trajectory and will be referred to as a CAV trajectory . 

The assumptions necessary to derive the vorticity equation 

according to Rossby are obviously quite restrictive . Starr, as 

editor of the journal of Feteorology (June, 1945), suggested that 

CAV trajectories night better be depicted on an isentropic chart 

than on a constant level chart as there are no solenoids on an 

isentropic chart . Kamias [ 6, pp 372-374) states that fron obser­

vations available isentropic surfaces appear, to the first approxi­

mation, to be substantial surfaces, i.e., strrfaces that contain the 

same air particles fron day to day. Influences of non-adiabatic 

nature are appreciable over long periods of tin1e, but are usually 

insufficient to disrupt the fundru~1ental isentropic flmv fror.1 one 

day to the next . The derivation of the vorticity equation for flmv 

on an isentropic surface requires few·er assumptions . Such restrictions 

as purely horizontal flmv, a barotropic atmosphere, and a homogeneous 

(2) 



incompressible atr.\osphere nay be rer"!oved. Now, an isentropic 

surface is a surface of constant po.tential temperature. In 

meteorlogical processes, potential trn~erature is one of the more 

conservative eler.1ents by which parcels of air nay be identified 

from time to time. Since the atmosphere is normally stable, 

potential temperature increases 1vith height and the atmosphere 

r~y be considered to consist of an infinite number of isentropic 

surfaces. Sir Napier Shaw· [10, p 26~ first suggested that charts 

of isentropic surfaces should be drawn as the motion of air is best 

resolved on isentropic surfaces. It 1v.ill be shown in this paper 

that the prognostic trajectory based on the conservatism of the 

vertical component of absolute vorticity is theoretically and 

practically better stri.ted to use on isentropic charts than on 

constant pressure charts as it is nmv applied. 

(3) 



II. THEO~ETICAL Il\"\~STIGATION 

J.'he motion of particles on a substantial surface can be 

described with Lagrangian methods. The fom of the vorticity 

equation for flow on an isentropic surface derived here using the 

Lagrangian nethod of attack is due to ::altiner~*" . Let X1 'j, ~ and t 

be normal Cartesian coordinates and let X y r and r be 
I I 

Lagrangian coordinates ,,~here 'X and Y are coordinates of the 

horizontal projection of the isentropic surface, i. = ~ and 1"' 

refers to time for the isentropic st~face. !hen 

It follmvs from the above equations that 

- _, £e. - - C)F 
and 

.,P c)x ~-x: 

_, C)p - JF 
I' ;; y 

- c:)Y 

·(1) 

(2) 

\'There F = C'pT + cr ~ ' the strear.1 function for an isentropic surface. 

In a sir.ri.lar Hay lve find 

) 
(3) 

(4) 

-:*-Associate Professor G. J . Haltiner, U. S . t~aval Postgraduate School 

(4) 



Further, since the rr.otion is assuned to be isentropic, 

Substituting in the equations of notion 

C)"'" + '-L C)u.. +V"c?t.L. + t.Ar c)u... -= -_I ~ +fv--
~-t c)y. ".!J c)~ .P c)). 

() v- .,.. v... C)""" -+ v-- c)V""' + c..ar C) u- =. - ! ~ ~ - f-Lt. 
crt ~ ~ ~ / f:J" 

the CA-pressions 1, 2, 3, 4, and 5, we obtain 

+-f-v-

Differentiating (7) '\v"ith respect to Y and (8) '\vith respect to Y 

and subtracting, we obtain 

£.. r de... _ c:> ..... J +~ c).,.. +""c)~ + c)v-- c),_ + 1.r_ C),_u.. _ ~-- ~~ 
c))' t!->Y e>r i>Y C):X.. cJ.I" ~y aY" e>T ~&. e>~ ;:>Y.. 

Collecting tenas -.£_c~ l +[c)u- +c)~ l [ Jtt. - c)~ 1 + u.. ~rc)~- ov---l 
e> 1- s J c) y c)rj err ere j c).A cJY c)X: J 

( 5) 

{ 5) 

(6) 

(7) 

(8) 



and introducing vector notation 1re obtain 

,.mere the opera tor ~ = n L _,_..DC> L . 
'e.l!J C>X C>Y 

Finally, '"e may write this as 

(9) 

since)-' ::.t for any particle. Nm.,r, assum.e the divergence tenn. W. ;~I= 0. 
Z9 

Then ,.,e may write the vorticity equation in the familiar forr.1 

(10) 

vlhile this form is sirrllar to the form derived by Rossby, there 

are some fundamental differences. Parcel ~otion is not limited 

to the horizontal, but is three dimensional. Eoreover, a barotropic 

and incompressible atmosphere is not required. 

( 6) 



III. TECJU\IQUE OF IKVESTIGATIOi\ 

The relative vorticity may be written in a fom sinilar to 

the usual expression for the vertical cor.1ponent of vorticity in 

natural coordinates 

'tvhere R
5 

and N are neasured on the isentropic map. If 'tve select 

a parcel in a broad unifom flmv or in the axis of a jet stream,~ :0. 
oN 

Further, if the parcel is at an inflection point in the flow, ::L = 0 R . , 
Under these conditions the CAV trajectory can be conputed. It 

'trill be noted that R.s defined above is not exactly equal to the 

projected radius of curvature of the strear.tline on the isentropic 

surface. However, the approxir.1ation involved here is normally 

less than those nade in the actual computation of CAV trajectories 

as described by Fultz [ 4, p 13] and revised by iVobus [12] . \vhile 

approximations have to be r.1ade, it 1aust be rene1:1bered that the true 

worth of a teclmique lies in the statistically proven results 

obtained. 

The simplest method of obtaining a CAV trajectory is through 

the use of a mechanical device such as the so-called w,viggle-1·lagon" 

devised by \vobus [ 12] and currently in use in the WBAN Analysis 

Center, \Jashington, D. C. Original studies of the CAV trajectory 

assumed a plane earth. This assumption entailed errors due to 

distortion \men conpared to trajectories along a spherical earth. 

The ivobus "lviggle-Wagon" corrects this defect. To aid meteorolo-

gists who do not have access to the '".viggle-Wagonn, the U. S. 1\avy 

(7) 



Bureau of Aeronautics Project A .. '10WA [1J] has published a table 

for conputing CAV trajectories r.mdc fron trajectories traced by 

the "IV'iggle-\lagon". This table '\vill he used to cor.1pute CAV tra­

jectories in this paper. For application, it is necessary to lmov 

speed, direction, and the latitude of the parcel, all at an inflection 

point in the flm.,. 

The next step in the investigation '\vas to conpute trajectories 

on isentropic and 500 millibar charts and test the results statisti­

cally. A rather conpletc cor.1pilation of upper air and surface data 

are available in the 1~orthern He1:lisphere Surface and 500 l ~illibar 

Charts Series published by the U. S. h7eather Bureau. These rer.tarkable 

publications not only have a daily series of logically analysed surface 

and 500 Millibar charts, but also contain a conpilation of all data 

used to plot these charts. Data '\vere taken fror.1 the period of 

ja!1uary-February 1949. Frora this data, a set of thirty isentropic 

charts '\vas plotted. The 3031\ isentropic surface '\vas selected because: 

(1) this surface Has often close to the so-called "level of non­

divcrgence11 described by Bjerknes [ 1] ; (2) this surface often con­

tained r.mch of the 500 rri.llibar '\vind speed ma..'tinum axis (jet) ; 

( 3) the 303I( isentropic surface '\'las usually sufficiently far fron 

the surface to rc!!love effects of surface friction an.d turbulence. 

It '\-ras desired to select an isentropic surface coPtaining tmch of 

the 500 r:dllibar isotach r.1a.'tir.mn a..us so computation of CAV tra­

jectories could aid in the prognosis of the 500 r.lillibar surface. 

(8) 



Inasnuch as the derivation of CAV trajectories on an isentropic 

surface assumes the divergence terrJ to be zero, the selection ef 

an isentropic surface close to the level of no horizontal divergence 

nay be desirable . The effect of the divergence ten:1 is discussed in 

Chapter IV . 

After the heights of the 3031: isentropic surface lvere plotted, 

all available wind data pertinent to the surface l·rere plotted . 11here 

'vind observations l'rere available from stations other than radiosonde 

stations, an interpolated value of the height of the isentropic surface 

and the lvind nearest that height lvere entered . Decause of the fairly 

dense netlvorh: of upper air l<t"ird observing stations in the United 

States, sufficiently accurate strear:uine analysis lvas possible lvith­

out the tir:~e-consuoing computations of stream ftmction values . 

Strearn~ine analyses lvere 1:1ade for 0300Z each day in the period 

fron 6 Janua~.r, 1949, to 22 january, 1949, and from 10 February, 1949, 

to 20 February, 1949 . For each chart, a nunber of CAV trajectories 

lvere computed . The following conditions had to be met before choosing 

the initial point : (1) the point had to be in or very near an inflection 

point in the flo-t·T (tmdergoing no effects of curvature) ; (2) the point 

had to be in or near the axis of the isotach r.1a:ximun (jet strear:1); 

(3) the point must be at an actual point of lvind observation to obtaL'1 

correct initial wind speed and direction. This procedtrre netted froo 

one to fotrr points suitable for conputation of CAV trajectories per 

chart . 

(9) 



For comparison \vith eacl1 CAV trajectory plotted on the 

isentropic chart, a companion GAV trajectory ,.,as coL'1puted on the 

500 millibar chart of the sane time. It ,.,as not too difficult 

to find a conpanion inflection point on the 500 nillibar chart as 

the isentropic surface ,.,as usually close to the 500 rrilljbar surface. 

After the CAV trajectories were constructed on each chart, forecast 

,.,ind velocities ,.,ere deterFlined by moving the parcel along the tra­

jectory a distance equal to the initial '·rind speed nultiplied by 

the ntmlber of hours to forecast time. The forecast ti!!1es selected 

,.,ere ~venty-four, forty-eight, and seventy-tH·o hours. These fore­

cast '"inds \vcre then plotted on the verifying charts and verified. 

On the isentropic chart, verification depended on the forecast 

position falling within the observational net,vork. If the forecast 

position fell within the ne~vorh., but not on a particular station, 

the forecast vrinds '"ere verified by linear interpolation bet,veen 

nearby stations. Hm·rever, care ,.,as taken to use only stations 

\·There linear interpolatiol'l '"ould be reasonable. On the 500 r.rillibar 

chart, forecast 'vinds ,.,ere verified in a sinilar manner if the fore­

cast position fell witb..in the observational netlvork or on a reporting 

station. If the forecast position on the 500 rrillibar chart fell on 

neither of these places, then contom~s 'tvere assuned to be streanlines, 

and gradient 'vinds were measured to verify. Since verification on 

isentropic charts depended on forecast positions falling in the Korth 

American net,vork or on a particular station, the ntn:lber of possible 

(10) 



verifications fell off drastically after forty-eight hours. IImvever, 

\vith he1;ri.spherical 500 millibar charts available, forecasts made on 

the 500 millibar chart could al1vays be verified. llil 500 nri.llibar 

CAV trajectories \vere carried out to seventy-two hours. 

In verifying forecast winds, observed \vind direction error 

\vas arbitrarily selected negative if the observed wind direction was 

to the right (cloclovise) of the forecast 1vind direction and positive 

if the observed wind direction \vas to the left (cotmter-clock\vise) 

of the forecast \vind direction. Sirnilarily, \vind speed error \vas 

selected negative if observed lvind speed lvas less than forecast and 

positive if the wind speed lvas greater than forecast. .t\11 forecast 

winds and verifications were tabulated in a foro suitable for 

statistical testing . 

Histograns of \vind speed error and lvind direction error \vere 

prepared for t\venty-four and forty-eight hour forecast times for both 

the isentropic and 500 millibar charts . These histograms are depicted 

as Figures 1 through 4 . Wind speed errors \vere grouped into cells 

each having a cell interval of 10 !mots error . The cell rri.dpoints 

are for±O,±I01±20 etc . , lmots error. Since the cell boundaries 

are exact ly halfway between the cell midpoints, some of the obser­

vations fell on the cell botmdaries. In this case, it was deer:1ed 

best to divide such observations be~veen each adjacent cell . Less 

trouble \vas encountered in grouping wind direction error. tUl lvind 

direction errors lvere in increraents of 10 degrees and values of 0, :± 10 

± ZO , etc . degrees of error \vere taken as cell rri.dpoints. 

(11) 



After the data were grouped in histograms, nonnal curves \vere 

fitted in accordance ,.,ith the I:ethod described by Hoel [ 5, pp 191-194]. 
"L 

After obtaining these fitted normal curves,)( tests 'vere perforr:cd to 

determine if each sauple of data could reasonably be fror1 a no:r'J'1al 

population . In all cases the sample distributions could reasonably 

be said to be from normal populations, although in t1vo cases the 

value of ')< 'L- 'vas close to the critical value. ~estrictions on the )<''­

test \vcre met by grouping cells with too fe'v frequencies together . 

After showing nomality of the data, the distributions of data from 

the isentropic charts were compared to s:inilar distributions frorJ 

the 500 :millibar charts by the use of the nFn test . The "F" test 

,.,as made to determine if compared data distributions from the 

isentropic and 500 millibar charts could statistically be from the 

same parent nornal population . The purpose here is to shm., that a 

given distribution of data from the isentropic charts is not from the 

same normal population as the similar data distribution from the 500 

millibar charts . If there is a significru1t difference, then inspection 

and intuition vrill reveal \vhich of the two types of charts are better 

suited to forecasting by r.1eans of CAV trajectories. 

(12) 



IV. RSSULTS 

It is \vell to look first at the data in "everyday" terr:1s to 

find lvhat kind of results a forecaster :r:tay e.,"'(pect. If it is arbi-

trarily decided that a \vind direction forecast \vill verify as a Hhit" 

if it is \vi thin 20 degrees of observed direction, then '\ve find that 

96 . 4% of the t'\venty-four hour "'rind direction forecasts from CAV tra-

jectories on isentropic charts verified as "hits" . By comparison, 

76.3,~ of similar forecasts from 500 nillibar charts verified as "hits". 

\·lith forty-eight hour \vind direction forecasts, 81,~ fror:1 isentropic 

charts verified as "hitsn and 41,~ from 500 nillibar charts. 

If it is arbitrarily decided that 15 lmots of \vind speed error 

is not too much to verify as a "hit", lve find that 76,& of twenty-four 

hour \vind speed forecasts from trajectories on isentropic charts 

verified as "hits". Of the data from the 500 rullibar charts, 42.4,., 

of t\venty-four hour \vind speed forecasts verified as Uhits". Sirailarly, 

forty-eight hour \vind speed forecasts verified 78. 5~~ from isentropic 

chart data and 39% fron 500 r.ullibar chart data. So, percentage,vise, 

forecasting wind vectors by CAV trajectories on isentropic charts 

\vas superior to forecasting \vind vectors by CAV trajectories on 500 

millibar charts during the period of this study. 

Figures l through 4 are histograms of error bet\·reen observed 

and forecast \'lind speed and direction. Applying standard statistical 

methods, normal curves \vere fi ttecl to the data. '1'he X~ test \vas 

applied to detenune if the distributions of error \vere likely to be 

frOl"i a normal population. Only the t\venty-four and forty-eight hour 

(13) 



errors ,.,ere compared and tested as the seventy-two hour isentropic 

sm:1ple \·ras too small. In each case tested, the distribution was 

shown to be reasonably from a nomal poptuation. In cases of data 

from isentropic charts, there 1vas little doubt that the distributions 

w·ere from noniml populations. But in cases fron the 500 millibar 

charts, the values of ).'L. ,.,ere close to the critical values and, 

therefore, there is some doubt that they may be from a nonnal popu­

lation. Hmvever, since the values of ')(L did fall belmv the critical 

values, lve \vill treat such data as being fr01;1 norr.1al populations. 

The "F" test [5, pp 152-15~ is a statistical test for comparing 

variances (s') of two samples of data to determine if the tlvo sat1ples 

can reasonably be from the same nornal population. The basic require-

r.lent of the "F'' test is that the data samples must each be fror:1 non:1al 

populations, although not necessarily the same nornal population. This 

is \vhy it ,.,as necessary to show non'1a.lity of the data samples above. 

To apply the "F" test, we first postulate that there is no significant 

difference bet,veen sanples tested, i.e., S,'\. = s; . This is the null 

hypothesis. If the value ofF computed falls below a critical value, 

the null hypothesis is not denied and there is no statistical difference 

bet1veen the two sar.1ples. If the value of F COI:J.puted is higher than the 

critical vcl.ue, the null hypothesis is denied, and there is a statisti-

cally significant difference benveen the t'vo sar.1ples and they are not 

reasonably from the same parent nornal population. It is this last 

condition we 'vish to obtain here. The results of applying the "Fn 

test are as follows: 
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1. ~venty-four Hour \lind Jirection Error. The variance of 

data fror:1 the isentropic charts s,'-.:: 1.1.4 . 'i'he variance 

of data fron the 500 nillibar charts s,_'-: ,.37 . Then 

F = s:-1 s,.,., == s. 1 ~ • 

~ at a 95;; level of belief is 4. 90 . rherefore, the 

samples tested are significantly different and the null 

hypothesis is denied. 

2. Forty-eigl~t !Iotrr ,Jind Direction Error. The variance of 

date fror:1 the isentropic charts 5,.,._: 3. I 5 The 

variance of data frcn the 500 r.lillibar charts s ....... _ )(). 12. 

Then 

Fe. at a 95,; level of belief is 3.75. This is highly 

significant and the :null hypothesis is certainly denied . 

3. 1'\·renty-four Hour \lind Speed Error. The vari<1nce of data 

fron the isentropic charts is 155.7. l.'he variance of data 

fro~~ the 500 ruillibar charts is 413 .1. Then 

Fe. at a 95,b level of belief is 5.19 and, therefore, the 

null hypothesis is not denied and there is no significant 

difference be'Qv-een the sanp1es cf data. 

4. Forty-eight ·rour ~.rind Speed Error. The variance of data 

fron the isentropic ch~rts is 127.3. The variance of data 

fran the 500 Lli1libar charts is 515.5. ';hen 

F= 4.05. 

At a 90.' level of belief the value of Fc.=4.oo , ~Pd at 

this level the difference bet,Jeen tl1e sar-!ples bec01.:cs 
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Significant results \vere obtained in the cases of \-rind directiOIL 

error and in one case of vind speed error. In each of the cases 

\-.rhere significance \vas obtained, an intuitive e:~amir:.atim of the 

data shmvs ti1at it is the data fror. trajectories constructed on 

isentropic charts th~t are better. 

It is gratifying to note tJ.1at t:w t;reatcst :i!:prover.:cnt \\•as 

shmm for uind direction forecasting for a forty-eight hour period. 

In nuch operational forecasting, H·ind direction is usually deer.;ed 

nore il'lportant than , .. rind speed for prognostic ~vor:-.. '!'he proper 

placing of troughs a.-"ld ridges and associated \veather patterns 

depends greatly on correct \v.i..'ld direction forecasts. Therefore, 

fro~ the results obtained, the CAV trajectory method will show 

greatest improve~ent over the present system of taking CAV tra­

jectories on constant pressure charts if used on isentropic charts 

to forecast wind direc·tion, at least up to forty-eight hours. 

A recent study of CAV trajectories along a psuedo-600 1:-.illibar 

chart \vas published by Druch [ 2 J. Bruch's results on \vind direction 

error arc quite sll:rilar to results obtained herein for the 500 rullibar 

chart. 3ruch did not verify ,.,rind speeds. 

It is realized that the isentropic chart leaves rmch to be desired 

~s an operational '1reather chart. At present the chart is of course 

laborious to plot s.i..1ce no isentropic data are transr.:itted on tele­

type circuits; hmvever, if such data were transrritted on teletype 

circuits, strcar.uinc analysis \vould ta!ce little longer to prepare 

than the present 500 nillibar cl1art. Another difficulty is that the 
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novcr.ent of the isentropic surface is l'Ot easy to predict. 3ircc 

th0. r~AV trajectory developed herein is a t1-ro dir ensional projection 

of a three dir.1ensional path, the height of the parcel in the future 

is in doubt . Of course, if the isentropic surface did not r.ove, t!::.e 

future position of a parcel 1voulcl be certain. But, this is :1ot 

eenerally the case. A future study to correlate this study with the 

prognosis of isentropic surfaces could be to advantage. 1:onetheless, 

the cor.1putation of CAV trajectories on an isentropic surface can be 

of value to prognosis of a nearby constant pressure surface. The 

?OSi tions of prognostic troughs a.."'ld ridges of the isentropic flo\v 

can be placed on a nearby constant preSSlU"'e surface. 

Fror1 study of the CAV trajectories on the isentropic charts of 

this paper, it qualitatively appears that parcels ir:bedded in north-

11esterly flmv descend as they t:-:ove southeastivard, ivhereas parcels 

inbedded in south1vesterly flmv rise as they 1~ove northeast1·rard . 

In the final forn of the vorticity equation there is a diver-

gencc tem that is assuned to be zero. ihis assunption is not a.l1va~,rs 

fulfilled in the atr osphere. 7he effect of this divergence tern r:a:r 

be ir.;portant. For illustration, let the divergence tern ~ . V 
l,.Q 

be constant in equation (9) and integrating \vith respect to t , 1ve 

obtain 
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Let t= 0 at the initial inflection point, wt:ere also fe= 0 • ,, en 

and 

As can be seen , positive values of the divergence ten~. in a north-

,.,esterly flmv 'vill cause a negative contribution to relative 

vorticity of a parcel causing it to go farther south than nnder a 

CAV trajectory . Positive values of the tenn in south,vesterly flmv 

Hill have a sir..1ilar effect on the relative vorticity of a parcel 

causi.'r1g it to not reach the r1.ax.ir..:trr1 latitude indicated by a CAV 

trajectory. 1\egative values of the divergence tern will cause 

positive contributions to the relative vorticity of a parcel . In 

north,vesterly flmv this \vill cause a parcel to curve :r.:.ore cyclor!i-

cally than ,.,ould be indicated by a CAV trajectory and to cm·ve less 

cyclonically in south\vesterly flmv- . Fultz ( 4, pp 32-loi) r.1entions 

that in a lm-rer level (10,000 foot level) the average type of 

deviation fror.l CAV trajectories is such that could be caused by 

(11) 

horizontal velocity divergence in north,vesterly floH and convergence 

in soutlnvesterly flmv . :-:mv, 

Thus , the divergence term is cor.:.posed of tlvo parts , horizontal 

velocity divergence and a shear tern . Fleagle [ 3] and Panofsky [ 7] 
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have given several values for horizontal velocity divergence, 

H'ith a range of about ±. 5 x lo-6 per second. The values of the 

shear term could be computed at initial inflection points for 

thirty-four of the CAV trajectories on isentropic charts of this 

study. In fourteen cases the term 'v-as less than lo-7 per second. 

In eleven cases the value of the shear tenn ,.,as approxinately lo-6, 

and in nine cases, approxicrately -lo-6 per second. Usually, the 

shear terr-' lvas positive or negative if the flmv 'vas up or down the 

isentropic surface respectively. Fron this lve see that in about 

60% of the cases studied, the shear tern ,.,as of the sane order of 

nagnitude as the horizontal velocity divergence. In these cases 

the shear terr.1 either canceled or doubled the horizontal velocity 

divergence teiT". Nm-r, if the asst!!''ptim:. of W~·W =0 lvere the 

most i.nporta...'lt assunption in the developNent of CAV trajectories, 've 

Lright eA~ect forecasting of future positions of parcels by CAV tra­

jectories on isentropic surfaces to give, in some cases, greater 

error than from applying CAV trajectories to constant pressure sur­

faces. This 1vas not observed in the data collected in this study. 

This nay suggest that the assumption of no horizontal divergence is 

not too restrictive, and that possibly one of the other assmnptions 

nade by Rossby is more restrictive, e.g., assumption of purely 

horizontal notion. 

If 1ve take a large constant value for horizontal velocity 

divergence, say 6 x lo-6 per second, take a like value for the 
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shear term, assw~e a tllle period of ~vclve hours, and use these 

values in eqttation (11), ~ve \vottld find that the value of f 0 at, 

say, 45° is reduced by 33,~ or to the value of -f at latitude 33°. 

But, this is an extrene case, and the effects of the divergence 

tenn are usually nuch less. Hmvcvcr, since the assunption of 

\Vie·~==O does lead to error, it seems that sor,te future re­

search could be profitably spent introducing quantitative values 

for the divergence terr:l and cor.1putation of a trajectory incorpor­

a·ting this correction to the CAV trajectory for use in r:tore 

accurate forecasting. 
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